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Abstract
We study the optomechanical coupling of a single-layer graphene with a high-Q Fabry-Pe´rot mi-
crocavity in the “membrane-in-the-middle” configuration. In ordinary dissipative coupling systems,
mechanical oscillators modulate the loss associated with the input coupling of the cavity mode;
while in our system, the graphene oscillator couples dissipatively with the cavity mode through
modulating its absorption loss. By analyzing the effects of the interband transition of a graphene
suspended near the node of the cavity field, we obtain strong and tunable dissipative coupling
without excessively reducing the optical quality factor. Finally, it is found that the flexural mode
of the graphene could be cooled down to its ground state in the present coupling system. This
study provides new insights for graphene optomechanics in the visible range.
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I. INTRODUCTION
In recent years, optomechanics has attracted much attention, since it not only provides
an excellent platform for fundamental test of quantum theory and exploration of quantum-
classical boundary, but also has important applications in quantum information processing
and precision metrology [1–4]. So far, many different optomechanical systems have been pro-
posed and explored, and the coupling mechanisms generally can be divided into two groups,
dispersive coupling and dissipative coupling. The former modulates the resonance frequency
of the cavity [5] while the later varies the damping rate of the cavity [6]. On the one hand,
intensive studies have been conducted on dispersive coupling, resulting in many important
consequences. For example, ground-state cooling of the mechanical mode has been predicted
[7–9] and demonstrated experimentally [10, 11]. On the other hand, in dissipative coupling
regime, recent theoretical work have also revealed the that mechanical mode can be cooled
down to the ground state without the resolved sideband condition [6, 12]. Such dissipa-
tive coupling has been verified experimentally [13] and studied in several different systems
[14, 15]. It has also shown high potential to generate and manipulate the quantum states of
both light [16] and mechanical mode [17, 18].
To construct a practical dissipative optomechanical system, it is essential to obtain large
enough dissipative coupling and to maintain plausible mechanical characteristic simultane-
ously. In this paper, we introduce graphene membrane as a mechanical resonator suspended
in a Fabry-Pe´rot (FP) cavity. In previous dispersive “membrane-in-the-middle” approach
[19, 20], membranes possess high reflectivity and low absorbance, thus the dispersive coupling
is the dominant regime. In the present proposal, however, due to the unique 2D hexagonal
lattice and Dirac cone band structure, graphene possesses high and frequency-independent
absorbance in the visible range [21], and this strong absorption could be used to generate
strong dissipative coupling. Moreover the graphene mechanical resonator possesses high me-
chanical Q, high resonance frequency and low effective mass [22]. Very recently, there has
been some progress in the research of graphene optomechanics in microwave range [23, 24],
where optomechanically induced transparency and backaction cooling have been observed
experimentally, and they all make use of the conventional dispersive coupling. Here, we
focus on dissipative-coupling graphene optomechanics in the visible range.
The rest of this paper is organized as follows. In section II, we employ a simplified model
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FIG. 1. (Color online) Schematic illustration of the optomechanical system. A graphene film of
diameter D is suspended with a fixed frame, and we would consider the first flexural mode vibrating
in the direction of x axis. Inset: Local band structure of graphene at the vicinity of a Dirac point.
The parameters of the apparatus are [L, λcav, κc]=[30 µm, 600 nm, 2pi × 1 MHz], where L, λcav
and κc are the effective cavity length, resonant wavelength and linewidth of the cavity mode.
to analyse the coupling system using the input-output formalism. In section III, we in-
vestigate the dissipative optomechanical coupling and discuss the cooling of the graphene
resonator. A short summary is given in section IV.
II. MODEL
Figure. 1 shows the present optomechanical system consisting of a FP cavity and a single
layer graphene, which is generally referred to as “membrane-in-the-middle” coupling. Note
that the cavity decay includes two contributions, the decay associated with input coupling
and the decay not relevant with the input coupling. Most of the previous dissipative optome-
chanical systems utilized coupling decay [14, 16–18], while we make use of the absorptive
part. This difference would modify the conventional dissipative coupling regime, and the
quantum noise of the inner degree of freedom of graphene would also be involved as an input.
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The total Hamiltonian is written as
H = Hcav +Hmec +Hpump +He +Hi, (1a)
Hcav = ~ωcava†a, (1b)
Hmec = ~ωmb†b, (1c)
Hpump = i~(Ee−iωpta† − E∗eiωpta), (1d)
where Hcav, Hmec and Hpump are the ordinary Hamiltonians for cavity field, mechanical
resonator and the pump field while He and Hi describe the dynamics of pi electrons of
graphene and the interaction of the optomechanical system. In these Hamiltonians, ωcav,
ωm and ωp are frequencies of cavity field, mechanical resonator and pumping laser field. a
is the annihilation operator for cavity field and b for mechanical resonator. The amplitude
E is related to pump power P via the relation |E| = √2Pκc/~ωp.
Before getting down to He and Hi, we digress for a moment to discuss the mechanical
properties of graphene oscillator. Consider a suspended, circular shaped graphene. The
mechanical flexural modes have adjustable frequencies, as predicted by the classical circular
membrane model [25], the frequency of the first radial symmetric mode is ωm = 2pi ×
0.766(E˜ξ/ρ)
1/2
/D, where the two dimensional elastic stiffness E˜ is 340 N/m, corresponding
to a Youngs modulus E of graphene approximately 1 TPa, ρ = 7.4×10−19 kg/µm2 (Ref. [26]),
ξ is the strain in graphene sheet which varies from 0.01% to 10% according to current
experiments [27], and D is the diameter of the circular graphene. In the following discussion,
we choose ξ = 1% while leave D an adjustable parameter.
We then turn to the electron part of the Hamiltonian He. The band structure of graphene
is shown in the inset of Fig. 1. At the vicinity of the Dirac point, the energy of single
electron can be approximated by E±(q) = ±~vF|q|. Under this Dirac cone approximation,
the general tight-binding Hamiltonian [28] of the pi electrons in graphene can be reduced to
He =
∑
q
(〈χc,q|C†c,q + 〈χv,q|C†v,q)× (~vFσ · q)
× (|χc,q〉Cc,q + |χv,q〉Cv,q) ,
(2)
where q sums over all allowed wave vector in the reciprocal lattice space, C(c,v),q and C
†
(c,v),q
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are annihilation and creation operators of the conduction band and valance band, vF is the
fermi velocity, σ = (σ1, σ2) is the two dimensional form of Pauli matrices. The spin eigen
vector for a given q is
∣∣χ(c,v),q〉 = 1/√2 (e−iθ(q)/2,±eiθ(q)/2)T, where c,v and ± denote the
conduction and valance band respectively, and θ(q) = arccos(qz/qy).
The interaction is introduced via the minimum coupling, ~q → ~q + eA/c. In the
simplest case, we consider a single mode field polarizing in the z direction. Implementing
the quantized cavity field, the interacting Hamiltonian Hi is,
Hi =
∑
q
η†qσ1ηqA0 sin
(ωcav
c
x
)
(a† + a), (3)
where η†q = 〈χc,q|C†c,q+〈χv,q|C†v,q is a spinor operator, σ1 is a Puali matrix, A0 =
√
~/0V ωcav
and x is the position of the graphene referring to the cavity.
We follow the approach of Ref. [29] to calculate the energy absorption of normal incident
light per unit area using Fermi’s golden rule, and we can recover the well-known universal
absorption in visible range [30], W = piαc[f(Ec)− f(Ev)]u(r), where α is the fine structure
constant, u(r) is the electro-magnetic energy density and f(E) is the Fermi-Dirac distribu-
tion function. Under the approximation of low temperature, the result reduces to piαcu(r).
That is, for clean, undoped graphene, about 2.3% of perpendicular incident light is dissipated
via the spontaneous emission channel. Then we can subsequently obtain the expression of
damping rate of the cavity caused by dynamics of electrons
κe =
WmaxAeff∫
udV
. (4)
Here, Aeff =
∫
udydz/umax is the effective area of graphene as a function of the longitudinal
position x, and it is defined to be an analogy of mode volume. We obtain Wmax(x) and
umax(x) at the center of the beam. We approximate the field distribution by Gaussian
beam, and the numerical simulation is plotted in Fig. 2. Neglecting other minor channels of
dissipation, in our system, κe dominates the dissipative coupling.
For convenience, we use a set of Pauli matrixes to describe the transition between the
conduction band and valence band, C†c,qCv,q → σ†q, C†v,qCc,q → σq, and 1/2(C†c,qCc,q −
C†v,qCv,q) → σzq. Then the system is similar to cavity QED system of multiple two-level
atoms interacting with a single cavity mode, and the techniques in cavity QED is expected
5
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FIG. 2. (Color online) (a) Coupling parameter ηκ(2κe)
1/2 = ddx
√
2κeXZPF as a function of x0,
where x0 is the equilibrium position of mechanical oscillator. Here x0 = 0 corresponds to a node of
a standing-wave cavity field. (b) Absorptive damping rate κe as a function of equilibrium position
x0.
be applied here. In the input-output formalism, we define σe =
∑′
q gqσq ≈
∑′
qBσq, where
gq is the coupling constant of “two level atom” with light field and constant B comes
from the details of input-output formalism. B is introduced to make the dimension of σe
correspond to a standard input noise operator and
∑′
q means the summation is restricted
to those states of the energy ±~ωcav/2. Inserting these back into Eq. 3, dropping the
high frequency terms in the rotating wave approximation, we can obtain the familiar form,
He +Hi =
∑
q~vF|q|σzq+ i~
√
2κe(σ
†
ea−σea†). Because of the high relaxation rate of electrons
in graphene, the field is often not strong enough to appreciably influence the occupation
of electrons, in other word, 〈σzq〉 = −1/2. This means we can drop the He now, for it
only contributes a constant to the ground state energy in our system. In the input-output
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formalism, the coupling constant gq of “two level atom” with light field is required to be a
slow-varying function of q [31], which is not the case in our system. But for a first order
calculation only,
∑′
q gqσq is expected to be replaced with an average. The expectation value
of the operator σe can be obtained by the Kubo formula [32],
〈σe(t)〉 ≈ 〈σe(0)〉+ 1
i~
∫ ∞
−∞
θ(t− t′) 〈[σe(t), Hi(t′)]〉0 dt′
≈ −1
8
√
2κe
vF
2
c2
Aeff
A
|a¯|2e−iωt,
(5)
where A is the total area of graphene, a¯ is the expectation of the cavity filed operator a
and θ(t − t′) is a unit step function. For graphene, the ratio of vF/c is about 1/300, which
guarantees the validity of Kubo formula in linear response regime.
III. DISSIPATIVE COUPLING OF THE GRAPHENE
Expanding the absorptive damping around the position of equilibrium, we can obtain the
total Hamiltonian.
H =~ωcava†a+ ~ωmb†b+ i~(Ee−iωpta† − E∗eiωpta)
+ i~
√
2κe(σea
† − σ†ea)[1 + ηκ(b† + b)].
(6)
The last term introduces the dissipative optomechanical coupling, where
ηκ =
d
dx
√
2κe(x)XZPF/
√
2κe, (7)
and XZPF =
√
~/2meffωm. For a circular membrane, the effective mass is approximately
0.27 times the mass of membrane. In the case the coupling strength depends on the position
and diameter of the graphene, as is shown in Fig. 2. We find that the reliance of κe on
equilibrium position x0 mimics the distribution of intracavity field, and smaller diameter
can increase XZPF thus to generate stronger coupling.
We then explore this system via the standard quantum noise approach. First, we write
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the Langevin equation in rotating frame of the pump field
a˙ = − [i∆ + κ+ 2κeηκ(b† + b)] a+ E +√2κcain
+
√
2κeσe[1 + ηκ(b
† + b)], (8a)
b˙ = −(iωm + γm)b+
√
2γmbin(t) +
√
2κeηκ(σea
† − σ†ea), (8b)
where ∆ = ωcav − ωp is the detuning. bin is the thermal noise of the mechanical res-
onator while ain is the noise operator of light. Their two-frequency-correlation functions
are 〈ain(ω)ain(ω′)〉 = 0, 〈bin(ω)bin(ω′)〉 = 0, 〈a†in(ω)ain(ω′)〉 = δ(ω + ω′) and 〈b†in(ω)bin(ω′)〉 =
nthδ(ω+ω
′) where nth is the thermal thermal phonon number. Then the steady state solution
of intracavity field is
a¯ =
E +
√
2κeσ¯e
i∆ + κc + κe
. (9)
Equation 5 combined with Eq. 9 can be solved self-consistently, and both a¯ and σ¯e would
eventually only rely on the input E. Now, we can expand the operators at the mean value:
a = a¯+ δa and σe = σ¯e + σin and linearize the equation. Here, σe serves as an intermediate
field and it introduce additional quantum noise. Transforming these linearized equations to
frequency domain, i.e., a(ω) =
∫
dte−iωtδa(t), we obtain
(−iω + i∆ + κ)a(ω) = −G [b†(ω) + b(ω)]+√2κcain(ω)
+
√
2κeσin(ω) (10a)
(−iω + iωm + γm)b(ω) =
√
2γmbin(ω) +XZPFF (ω) (10b)
F (ω) =
√
2κe
XZPF
[
Ge√
2κe
a†(ω) + σin(ω)a¯∗ − h.c.
]
. (10c)
Here, G and Ge are shorthand notation of (2a¯κe −
√
2κeσ¯e)ηκ and
√
2κeσ¯eηκ, respectively.
In the weak coupling regime, i.e., |G| , |Ge|  κ, we can obtain an approximate solution for
b(ω)
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b(ω) =
√
2γmbin(ω)
−iω + iω˜m + γ˜m +
G
[
σin(ω)− σ†in(ω)
]
√
2κ(−iω + iω˜m + γ˜m)
+Ge
[ √
2κca
†
in(ω)
(−iω − i∆ + κ)(−iω + iω˜m + γ˜m) −
√
2κcain(ω)
(−iω + i∆ + κ)(−iω + iω˜m + γ˜m)
]
(11)
We have taken into account the optical spring effect, and the renormalized mechanical
frequency and damping rate [14] are respectively ω˜m = ωm + ωo and γ˜m = γm + γo, where
the ωo and γo are optical induced frequency and damping rate. When |E| 
√
2κe |σe|, we
have
ωo =(2κe)
3/2η2κ =[
Eσ∗e
(−iω − i∆ + κ)(−i∆ + κ)
− E
∗σe
(−iω + i∆ + κ)(i∆ + κ) ], (12a)
γo =(2κe)
3/2η2κ <[
Eσ∗e
(−iω − i∆ + κ)(−i∆ + κ)
− E
∗σe
(−iω + i∆ + κ)(i∆ + κ) ]. (12b)
Usually, we have ωm  ωo and γm ≈ γo at the region we are interested in. The optical
induced damping rate γo is the major term to suppress the thermal phonon, and it also
carries the information of force noise spectrum and a numerical result is shown in Fig. 3.
Unlike dispersive coupling, in our system, because of interference of the quantum noise, the
optical induced damping reaches it’s peak at blue detuning region so that we can realize
dissipative optomechanical cooling in blue detuning. But our system is also qualitatively
different form the case of Michelson-Sagnac interferometer where the maximum of optical
damping rate is always located at ∆ = −0.5ωm, however, in our system, the position of
peak also depends on κe.
The steady state phonon number can be attained by calculating the noise spectrum
and then transforming it back into time domain. We use the equation 〈b†(t)b(t)〉 =
1/(2pi)
∫∞
−∞ dωSnm(ω), where Snm(ω) =
∫∞
−∞ dω
′〈b†(ω)b(ω′)〉 is the noise spectrum of phonon.
A simple analytical result of steady state phonon number can be obtained in weak coupling
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FIG. 3. (Color Online) The optical induced damping as a function of detuning ∆, where the
blue and red area correspond to the cooling and heating region, respectively. The pump power
P = 5 µW, and other parameters are D = 30 µm, Aeff/A = 0.01, ωm = 2pi × 55 MHz, κc =
2pi × 1 MHz, κe = 2pi × 45 MHz, ηκ = 2.2× 10−3.
regime,
〈b†b〉ss =γm
γ˜m
nth +
G2
4κeγ˜m
+
(γ˜m + κ)κcG
2
e
γ˜mκ[(γ˜m + κ)2 + (∆ + ωm)2]
. (13)
The third term of this result is quite similar with [14], and they only differs in the nu-
merator of the optically induced phonon part, and this difference can be interpreted as
a consequence of the extra quantum noise σin. Our derivation has been based on linear
response theory, the analytical solution could not describe high pump power case. But it is
quite safe when the pump power is below the order of mW. The corresponding simulation
is illustrated in Fig. 4. The parameters we adopted are D = 30 µm, ξ = 0.01, Aeff/A = 0.1,
ωm = 2pi× 55 MHz, κc = 2pi× 1 MHz, κe = 2pi× 45 MHz, ηκ = 2.2× 10−3, γm = 2pi× 10 Hz
[26]. In our setting, the thermal phonon number nth equals 100, corresponding to 0.26 K.
Further analysis shows that there exists an optimal cooling combination of ∆ and pump
power P for a given absorptive damping rate κe and ground state cooling can only be
realized within a finite interval of κe. The behavior of minimum phonon number nmin(κe) is
illustrated in Fig. 5. As we can see, the optimal cooling requires κe ∼ ωm and ground state
cooling can still be attained even when κe approaches 4ωm.
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FIG. 4. (Color online) The steady state phonon number, based on Eq. 13. Steady state phonon
number is illustrated with the contour and color.
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FIG. 5. (Color online)Minimum phonon number nmin as a function of κe. we obtain this reliance
by adjusting ∆ and P in Eq. 13 to obtain a local minimum for any given κe. All other parameters
are fixed, and they are ωm = 2pi × 55 MHz, κc = 2pi × 1 MHz, ηκ = 2.2 × 10−3, γm = pi × 10 Hz,
and the thermal phonon number nth = 100.
IV. CONCLUSION
We have analyzed the dissipative optomechanical coupling between a single-layer graphene
and an FP cavity in the membrane-in-the-middle setup with the inner degree of freedom
of graphene properly handled. Unlike other dissipative coupling systems, we have verified
the possibility of utilizing the absorptive decay to generate dissipative coupling. Dissipative
cooling of the graphene have been studied via the linearized quantum Langevin equations.
For a single-layer graphene, ground state cooling can be achieved either in resolved-sideband
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regime or not. In principle, our scheme could be generalized to any absorptive thin mem-
brane. This provides new insights for realizing dissipative optomechanical coupling within
current experimental conditions.
ACKNOWLEDGMENTS
We thank Wen-Ju Gu for helpful discussion of calculation details, and thank Fan Yang for
his useful advices. The work was supported by the 973 program (2013CB328704), the NSFC
(Grants No. 11004003, No. 11222440, and No. 11121091), and the Research Fund for the
Doctoral Program of Higher Education (No. 20120001110068). Lin-Da Xiao was supported
by The Presents Fund for Undergraduate Research of Peking University. Yu-Feng Shen was
supported by The Beijing Undergraduate Innovational Experimentation Program.
[1] T. J. Kippenberg and K. J. Vahala, Science 321, 1172 (2008).
[2] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, arXiv preprint arXiv:1303.0733 (2013).
[3] P. Meystre, Ann. Phys. 525, 215 (2013).
[4] Y.-C. Liu, Y.-W. Hu, C.-W. Wong, and Y.-F. Xiao, Chin. Phys. B 22, 114213 (2013).
[5] C. Law, Phys. Rev. A 51, 2537 (1995).
[6] F. Elste, S. M. Girvin, and A. A. Clerk, Phys. Rev. Lett. 102, 207209 (2009).
[7] I. Wilson-Rae, N. Nooshi, W. Zwerger, and T. Kippenberg, arXiv preprint cond-mat/0702113
(2007).
[8] F. Marquardt, J. P. Chen, A. A. Clerk, and S. M. Girvin, Phys. Rev. Lett. 99, 093902 (2007).
[9] C. Genes, D. Vitali, P. Tombesi, S. Gigan, and M. Aspelmeyer, Phys. Rev. A 77, 033804
(2008).
[10] J. Chan, T. M. Alegre, A. H. Safavi-Naeini, J. T. Hill, A. Krause, S. Gro¨blacher, M. As-
pelmeyer, and O. Painter, Nature 478, 89 (2011).
[11] J. Teufel, T. Donner, D. Li, J. Harlow, M. Allman, K. Cicak, A. Sirois, J. Whittaker, K. Lehn-
ert, and R. Simmonds, Nature 475, 359 (2011).
[12] T. Weiss and A. Nunnenkamp, Phys. Rev. A 88, 023850 (2013).
12
[13] M. Li, W. H. P. Pernice, and H. X. Tang, Phys. Rev. Lett. 103, 223901 (2009).
[14] A. Xuereb, R. Schnabel, and K. Hammerer, Physical review letters 107, 213604 (2011).
[15] M.-Y. Yan, H.-K. Li, Y.-C. Liu, W.-L. Jin, and Y.-F. Xiao, Phys. Rev. A 88, 023802 (2013).
[16] A. Kronwald, F. Marquardt, and A. A. Clerk, arXiv preprint arXiv:1403.1315 (2014).
[17] W.-j. Gu, G.-x. Li, and Y.-p. Yang, Phys. Rev. A 88, 013835 (2013).
[18] A. Kronwald, F. Marquardt, and A. A. Clerk, Phys. Rev. A 88, 063833 (2013).
[19] A. Jayich, J. Sankey, B. Zwickl, C. Yang, J. Thompson, S. Girvin, A. Clerk, F. Marquardt,
and J. Harris, New. J. Phys 10, 095008 (2008).
[20] J. Thompson, B. Zwickl, A. Jayich, F. Marquardt, S. Girvin, and J. Harris, Nature 452, 72
(2008).
[21] A. C. Neto, F. Guinea, N. Peres, K. S. Novoselov, and A. K. Geim, Reviews of modern physics
81, 109 (2009).
[22] J.-W. Jing, B.-S. Wang, J.-S. Wang, and H. S. Park, arXiv preprint arXiv:1408.1450 (2014).
[23] V. Singh, S. Bosman, B. Schneider, Y. Blanter, A. Castellanos-Gomez, and G. Steele, Nat.
Nanotech 9, 820 (2014).
[24] X. Song, M. Oksanen, J. Li, P. Hakonen, and M. Sillanpaa, arXiv preprint arXiv:1403.2965
(2014).
[25] R. Courant and D. Hilbert, Methods of Mathematical Physics, Wiley classics library (Inter-
science, 1966).
[26] C. Chen, Graphene NanoElectroMechanical Resonators and Oscillators (2013).
[27] C. Lee, X. Wei, J. W. Kysar, and J. Hone, Science 321, 385 (2008).
[28] G. D. Mahan, Condensed Matter in a Nutshell (Princeton University Press, 2010).
[29] M. Mecklenburg, J. Woo, and B. Regan, Physical Review B 81, 245401 (2010).
[30] R. Nair, P. Blake, A. Grigorenko, K. Novoselov, T. Booth, T. Stauber, N. Peres, and A. Geim,
Science 320, 1308 (2008).
[31] D. F. Walls and G. J. Milburn, Quantum Optics (Springer, 2007).
[32] G. D. Mahan, Many particle physics (Springer, 2000).
13
